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During infection by herpes simplex virus 1 (HSV-1), the viral capsid is transported around the cytoplasm along the microtubule
(MT) network. Although molecular motors have been implicated in this process, the composition of the molecular machinery
required for efficient directional transport is unknown. We previously showed that dystonin (BPAG1) is recruited to HSV-1 cap-
sids by the capsid-bound tegument protein pUL37 to promote efficient cytoplasmic transport of capsids during egress. Dystonin
is a cytoskeleton cross-linker which localizes at MT plus ends and has roles in retrograde and anterograde transport in neurons.
In this study, we investigated the role of dystonin during the entry stages of HSV-1 infection. Because of the way in which the MT
network is organized, capsids are required to change their direction of motion along the MTs as they travel from the point of
entry to the nucleus, where replication takes place. Thus, capsids first travel to the centrosome (the principal microtubule orga-
nizing center) by minus-end-directed transport and then switch polarity and travel to the nucleus by plus-end-directed trans-
port. We observed that transport of capsids toward the centrosome was slowed, but not blocked, by dystonin depletion. How-
ever, transport of capsids away from the centrosome was significantly impaired, causing them to accumulate in the vicinity of the
centrosome and reducing the numbers reaching the nucleus. We conclude that, during entry of HSV-1, dystonin has a specific
role in plus-ended transport of capsids from the centrosome to the nucleus.

A successful outcome of infection demands precise control of
particle movement around the cell. The cell has a number of

transport mechanisms available, but the most important for her-
pesviruses is the microtubule (MT) network (1, 2), which is the
main route of movement between the cell surface, where virus
entry and exit take place, and the nucleus, which is the site of virus
transcription, DNA replication, and capsid assembly. The MT
network is typically organized around one or more microtubule-
organizing centers (MTOCs), with the MT minus ends anchored
at the MTOC and the plus ends radiating outwards (3). Because of
this arrangement, a herpesvirus capsid has to switch polarity in
order to travel from the plasma membrane to the nucleus. Thus,
the capsids travel from the plasma membrane to the centrosome
(the principal MTOC in most cell types) by minus-end-directed
transport but must then transfer to another MT to complete its
journey by plus-end-directed transport. The direction of trans-
port along MTs is determined by the molecular motors that trans-
port the cargo. These are of two basic types, kinesins and dynein,
which carry out plus-end- and minus-end-directed transport, re-
spectively. Association of herpes simplex virus 1 (HSV-1) capsids
with molecular motors, such as dynein or kinesins, has been re-
ported in vitro (4), and kinesin 3 interaction with the viral mem-
brane protein pUs9 was shown to be important for anterograde
transport of pseudorabies virus (PrV) capsids in neurons (5). Two
other viral proteins that are known to have important roles in
herpesvirus capsid transport are the inner tegument proteins
pUL36 and pUL37, two proteins interacting with each other (6)
and essential for growth of HSV-1 (7, 8). Unlike most tegument
proteins, these two remain attached to the capsid during transport
to the nucleus (9–12). pUL36 has been shown to interact with the
dynein/dynactin motor complex in transfected cells (13) and is
required for active capsid transport and nuclear targeting (14–19).
pUL37 was also found to have a role in efficient capsid transport
during entry (20) and egress (16, 21). In previous studies, we
showed that the MT-binding protein dystonin (BPAG1) is re-

cruited to capsids via pUL37 and is required for efficient transport
of HSV-1 capsids during virus egress (22). In this study, we ex-
tended our analysis to look at the role of dystonin during virus
entry. Live-cell imaging of cells depleted of dystonin showed that
dystonin is not required for minus-end-directed transport of cap-
sids from the sites of entry to the centrosome. However, it plays an
important role in plus-end-directed transport of capsids from the
centrosome to the nucleus.

MATERIALS AND METHODS
Cells and viruses. 293T, baby hamster kidney (BHK), and human fetal
foreskin fibroblast 2 (HFFF2) cells were grown at 37°C in Dulbecco’s
modified Eagle medium (DMEM; PAA Laboratories) supplemented with
8% fetal calf serum (FCS). For live-cell microscopy studies, cells were
grown on 35-mm ibidi petri dishes.

Wild-type (WT) HSV-1 (strain 17�), vSR27-VP26GFP (expressing a
green fluorescent protein [GFP]-tagged capsid protein), and tsK/luci
(provided by C. Preston) were propagated on BHK cells infected at 0.01
PFU per cell, and virions were concentrated from the medium superna-
tant by centrifugation at 15,000 � g for 2 h. The tsK/luci virus was gener-
ated as described earlier (23). As the tsK virus has a temperature-sensitive
lesion in the ICP4 protein that is not relevant to our studies, all experi-
ments using this virus were performed at the permissive temperature for
this mutant (31°C). vSR27-VP26GFP was generated as described in refer-
ence 22.

Antibodies. The following antibodies were used. Mouse anti-alpha-
tubulin clone DM1A and mouse anti-gamma-tubulin clone GTU-88 were
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obtained from Sigma. In Fig. 2 and 6, capsids were visualized using the
rabbit purified HSV-1 nuclear C capsid (PTNC) antibody (23). Mouse
anti-ICP0 11060 antibody was from Santa Cruz Biotechnology.
Mouse DM165 antibody against VP5 was described previously (24);
mouse monoclonal antibody (MAb) 4846 against glycoprotein D (gD)
was a gift of A. Cross (University of Glasgow). Alexa Fluor 488- or Alexa
Fluor 568-conjugated goat anti-mouse antibodies (GAM488 and GAM568,
respectively) and Alexa Fluor 568-conjugated goat anti-rabbit antibody
(GAR568) were obtained from Molecular Probes. Goat anti-mouse
Dylight680 was obtained from Cell Signaling.

shRNA. The use of lentiviruses expressing short hairpin RNA
(shRNA) directed against dystonin has been described previously (23, 25).
Silencing of dystonin was done using the sequence GTGTTGAAAGCCA
TTTAGA (shDyst). This sequence (position 1897 on the murine open
reading frame) corresponds to the plakin domain of human and murine
dystonin and is common to all known isoforms of dystonin. It is not
conserved within sequences of other known plakin proteins. The control
corresponded to an shRNA sequence specific for the luciferase gene
(shControl; GTGCGTTGCTAGTACCAAC) for all experiments except
the luciferase experiments, where an shRNA construct specific for GFP
(shGFP; GAGTACAACTACAACAGCC) was used. Silencing efficiency
was routinely assessed by real-time reverse transcription-PCR from total
RNA before every experiment, as described in reference 22.

Western blotting and quantification. Cells transduced with the
shControl or shDyst1 lentivirus (here referred to as shControl and shDyst
cells, respectively) were infected with 5 PFU/cell of HSV-1 WT for 2 h, 4 h,
7 h, 12 h, or 16 h before being harvested and lysed directly with Laemmli
buffer. Cell lysates were analyzed by Western blotting using antibodies
11060 and DM165 against ICP0 and VP5, respectively. Antibody DM1A
against alpha-tubulin was used as a loading control. Western blots were
visualized and quantified using the quantitative near-infrared fluorescent
Dylight680-conjugated GAM secondary antibody and an Odyssey Imag-
ing system (LI-COR). Quantification was performed using Image Studio
software (version 1.1.7; LI-COR).

Virus penetration assay. shControl and shDyst HFFF2 cells were in-
cubated with gradient-purified vSR27-VP26GFP virions for 1 h at 4°C or
for 2 h at 37°C. The cells were then fixed with 4% paraformaldehyde and
labeled for gD with MAb 4846 and GAM568. Capsids were visualized
through GFP fluorescence, and nuclei were visualized with DAPI (4=,6-
diamidino-2-phenylindole). The total numbers of capsids present on ran-
domly chosen cells were determined by counting the number of diffrac-
tion-limited green spots, and the proportion having envelopes was
determined by colocalization between GFP (capsid) and Alexa Fluor 568
(envelope) signals. Counting was done using the Cell Counter plug-in of
ImageJ software (version 1.47m).

Fluorescence microscopy. Immunofluorescence that included tubu-
lin staining was done as follows. Cells were fixed in a mix of 3.7% form-
aldehyde and 0.1% Triton X-100 in PEM buffer (100 mM PIPES [piper-
azine-N,N=-bis(2-ethanesulfonic acid)], 5 mM EGTA, 2 mM MgCl2, pH
6.8) for 5 min at room temperature, as described by Vielkind and Swi-
erenga (26). Microtubules were stained using MAb DM1A against alpha-
tubulin (Sigma) and GAM568 antibody (90 min for each incubation).

To visualize centrosomes, cells were fixed with �20°C methanol and
incubated at �20°C for 5 min. The methanol was removed, and cells were
left to dry before being rehydrated with phosphate-buffered saline. Cen-
trosomes were stained using MAb GTU-88 against gamma-tubulin
(Sigma) and GAM488. Capsids were stained using the rabbit antibody
PTNC (23) and GAR568.

Samples were mounted in ImmuMount mounting agent (Thermo)
containing 1 �g/ml DAPI dihydrochloride (Sigma) for DNA staining. All
samples were visualized using a Zeiss Axio Observer Z1 microscope with a
�63 Plan-Apochromat oil-immersion objective (numerical aperture, 1.4;
Zeiss).

Live-cell microscopy. All live-cell microscopy was done at room tem-
perature (�23°C). Under these conditions, capsid motion is slower,

thereby allowing more efficient tracking, as detailed previously (22). Mov-
ies were recorded at a rate of 1 frame/s for 55 to 60 s with an average
exposure time of 200 ms, except for centrosome-based movies (see Mov-
ies S3 and S4 in the supplemental material), where acquisition was for 120
s at a 1-frame/s rate.

Capsid tracking. Capsid tracking was done as described in reference
22. Briefly, movies were imported into ImageJ (version 1.47m). Capsids
were tracked using the Particles Detector & Tracker plug-in (version 1.5)
(27). Depending on the quality of each individual movie, detection pa-
rameters were set as follows: radius, 3 or 5; cutoff, 3.0 or 0.0; percentile, 0.6
to 1.5%. Linking parameters were a link range of 2 and a displacement of
10 to 20. Capsid motion was analyzed using the coordinates provided by
the software to calculate the distance to the origin. Capsid tracking starts
as the capsid enters the field of view and stops as it leaves it or when it
moves out of focus. The directionality of each trajectory was estimated
according to the position of the nucleus (see Fig. 5). A capsid which, over
the period of the recording, moved away from the cell periphery and
toward the nucleus was categorized as having retrograde motion, a capsid
that moved away from the nucleus and toward the cell periphery was
categorized as having anterograde motion, and capsids with no move-
ment or no clear directionality were categorized as “none or both.”

Luciferase assay. Replicate monolayers of HFFF2 cells were infected
with 5 PFU/cell of tsK/luci and incubated at 31°C for the times required.
Luciferase assays were performed using a luciferase assay system (Pro-
mega) according to the manufacturer’s instructions. Luciferase activity
was assessed on a Glomax 20/20 luminometer (Promega) and normalized
to the cell count.

Fluorescence-activated cells sorter (FACS) analysis. shControl or
shDyst HFFF2 cells were infected with 5 PFU/cell of WT HSV-1 for 2 h, 4
h, or 6 h at 37°C. They were then harvested, fixed with 4% paraformalde-
hyde, and permeabilized with 0.1% Triton X-100. Cells were incubated
with antibody 11060 against ICP0 and GAM488 for 1 h at room tempera-
ture and washed three times. Mock-infected shControl cells were similarly
treated and were used as negative controls. Data were collected on an
Accuri C6 flow cytometer (BD) mounted with a 20-mW 488-nm solid-
state blue laser and a 533/30-nm optical filter. Data were analyzed using
Accuri C6 software (version 1.0.264.21).

RESULTS
Initiation of infection is delayed in dystonin-depleted cells. Us-
ing shRNA technology, we previously demonstrated that the levels
of dystonin mRNA could be depleted by up to 80% in cells trans-
duced with the shDyst1 lentivirus (shDyst cells) compared to the
level in cells transduced with a control lentivirus (22). In shDyst
cells, virus production was significantly delayed compared to that
in control cells. Part of this delay could be explained by the severe
defect in capsid egress observed in dystonin-depleted cells (22).
To determine whether dystonin depletion also affected entry,
shGFP (negative control) and shDyst cells were infected with tsK/
luci, which encodes a luciferase gene under the control of a viral
immediate early promoter. Cells were infected with 5 PFU/cell of
tsK/luci for 2 h, 4 h, or 7 h postinfection (p.i.) and luciferase
activity was monitored. As shown in Fig. 1, luciferase levels in
shDyst cells (192 � 9) were more than 15-fold lower than those in
shGFP cells (3135 � 230) at 2 h p.i. and corresponded to back-
ground levels (138 � 97). At 4 h p.i., luciferase levels had increased
only slightly in shDyst cells (365 � 20) and were �330-fold lower
than those in shGFP cells (120,639 � 15,385). At 7 h p.i., luciferase
levels in shDyst cells were higher (5,707 � 1,113) but were still
more than 2.5 log10 units lower than those in shGFP cells
(1,522,604 � 8,383). The rate of increase in luciferase levels at
between 4 and 7 h p.i. in shDyst cells paralleled that in shGFP cells
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at between 0 and 2 h p.i. (Fig. 1B), suggesting that dystonin deple-
tion affects the initiation of infection and not a later step.

To confirm these results, shControl and shDyst cells were in-
fected with 1 PFU/cell of WT virus, and the levels of expression of
the immediate early gene RL2, encoding the protein ICP0, and the
late gene UL19, encoding the major capsid protein VP5, were
monitored by Western blotting (Fig. 2A). ICP0 could be clearly
detected in shControl cells as early as 4 h p.i. and at increasing
levels until the latest time (16 h) analyzed. In contrast, ICP0 was
first detected in small amounts in shDyst cells at 7 h p.i., and its
level then increased rapidly to reach a level similar to that in
shControl cells by 16 h. Expression of VP5 presented a similar
pattern, although with late gene expression kinetics. Thus, VP5
was present from 7 h p.i. in shControl cells but was first detected at
12 h p.i. in shDyst cells. As with ICP0, the amounts of VP5 in
shDyst cells had reached the level of that in shControl cells by 16 h
p.i. Similar results were obtained with cells infected with 3 or 5
PFU/cell, but only a very moderate effect was observed with 50
PFU/cell (data not shown).

Immunofluorescence analysis of cells infected with 1 PFU/cell
of HSV-1 WT showed behavior similar to that described above,
where only �2% of shDyst cells but nearly half of shControl
cells were assessed to be positive for ICP0 by 3 h after infection
(Fig. 2B). To quantify this effect, we carried out FACS analysis.
ShControl or shDyst cells were mock infected or infected with
HSV-1 WT for 2 h, 4 h, or 6 h. Cells were then fixed, permeabil-
ized, stained for ICP0, and analyzed by flow cytometry. At 2 h,

�13% of shControl cells had a detectable amount of ICP0, while
at 4 h and 7 h, the percentages had increased to 38% and 47%,
respectively. In comparison, ICP0 expression was greatly reduced
in shDyst cells, where 0%, 4%, and 7% of cells were ICP0 positive
at 2 h, 4 h, and 7 h, respectively (Fig. 3A). In keeping with these
results, the fluorescence intensity was also markedly reduced in
shDyst cells compared to shControl cells (Fig. 3B).

Taken together, these data provide strong support for a mech-
anism in which a lack of dystonin delays the onset of virus expres-
sion but has no effect on expression once it has started.

Dystonin is dispensable for virus entry into the cell. A possi-
ble explanation for the delay in the onset of infection observed in
dystonin-depleted cells is a defect in the ability of the virus to enter
the cell. To determine whether this was the case, we carried out
experiments to examine virus entry at the cell surface, as assessed
by the presence of the virion envelope. shControl or shDyst cells
were incubated with 5 PFU/cell of vSR27-VP26GFP (expressing a
GFP-tagged capsid protein) and then fixed, permeabilized, and
stained for glycoprotein D (gD) (Fig. 4A). Intact virions should
appear as both GFP- and gD-positive spots, as their envelope and
capsid are tightly associated. This was the case when infection was
carried out at 4°C, where virus particles can attach to the cell but
membrane fusion is inhibited (Fig. 4A). Under these conditions,
almost all capsids seen on cells were associated with gD (97% �
3%) (Fig. 4B). However, in cells infected at 37°C, membrane fu-
sion can occur, leading to dissociation of the capsid and envelope
proteins. Under these conditions, 88% of the capsids (�4%) in
shControl cells were gD negative, indicating successful viral entry.
Similarly, 84% of the capsids (�4%) in shDyst cells were gD neg-
ative (Fig. 4). In addition, the absolute numbers of cytosolic cap-
sids per cell were similar in shControl and shDyst cells (Fig. 4C).
This clearly demonstrates that entry occurs normally in cells de-
pleted for dystonin.

Capsid transport in dystonin-depleted cells. Given the dem-
onstrated role of dystonin in capsid transport during egress, an
obvious early step that might be affected by depletion of dystonin
would be the MT-based retrograde transport of capsids from the
cell periphery to the nucleus. To test this hypothesis, we moni-
tored infected shControl or shDyst cells by live-cell microscopy.
These cells were infected at 37°C with 50 PFU/cell of vSR27-
VP26GFP, and capsid movements were monitored by live-cell mi-
croscopy at 30 min postinfection. Live-cell imaging was carried
out at room temperature (�25°C) because capsids moved too fast
to be tracked efficiently at 37°C with our equipment (see Materials
and Methods and reference 22).

On initial examination, capsid movement was observed in
both shControl and shDyst cells (see Movies S1 and S2 in the
supplemental material). This indicated that dystonin silencing did
not have as dramatic an influence on overall capsid transport dur-
ing entry as that seen during egress, when capsid movement was
almost completely blocked (22). Capsid movement was measured
and plotted as the distance moved from the point of origin at the
start of imaging against time (Fig. 5A and C). The capsid velocity
(Fig. 5E and F), the maximum distance moved (Fig. 5G), and the
direction of movement (Fig. 5H) were also measured. The histo-
gram in Fig. 5H shows the overall direction of capsid movement
(retrograde for movement from the cell periphery to the nucleus;
anterograde for movement from the nucleus to the cell periphery)
rather than the time spent moving in one or the other direction.
Analysis of a total of 185 capsid trajectories revealed differences in

FIG 1 Initiation of HSV-1 replication in dystonin-depleted and control cells.
(A) shGFP or shDyst HFFF2 cells were infected with 5 PFU/cell of tsK/luci and
incubated for 2 h, 4 h, or 7 h at a permissive temperature (31°C). Cells were
then harvested and lysed and luciferase activity was measured. Dashed line,
background level. (B) Data shown in panel A are represented as a graph to
show the rate of increase in luciferase levels with time after infection. mi, mock
infected.
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capsid trafficking between infected shControl and shDyst cells
(Fig. 5A and C). Capsid velocities were significantly lower in
shDyst cells (average of maxima � 0.5 � 0.2 �m/s) than in
shControl cells (average of maxima � 1.4 � 0.8 �m/s) (Fig. 5E
and F), although the effect was not as great as that seen at late times
after infection (22). As a consequence, capsids tended to travel
longer distances under control conditions than in shDyst cells
(Fig. 5G). However, the direction of motion was similar for the
two conditions, with 45% of capsids showing retrograde move-
ment (i.e., from the cell periphery to the nucleus) in shControl
cells and 39% showing retrograde movement in shDyst cells
(Fig. 5H).

Thus, the overall pattern of capsid transport was not dis-
rupted in dystonin-depleted cells, but the rate of movement
was reduced.

Effect of dystonin silencing on nuclear targeting of capsids.
Despite the limited effects of dystonin depletion on overall
capsid movement at early times of infection (Fig. 5), the ob-
served delay in immediate early gene expression when dystonin
levels were reduced (Fig. 1 to 3) suggested that an early, pre-

nuclear step was affected. Given the usual close proximity of
the centrosome to the nucleus, the majority of capsid move-
ment during entry would be expected to be minus-end directed
along the MTs toward the centrosome, with only a small
amount of plus-end-directed transport required to reach the
nucleus, while the reverse should be true during egress, when
plus-end-directed transport would predominate. Therefore,
because blocking the limited amount of plus-end-directed
transport during entry would explain why capsid transport was
less dramatically affected than during egress (22) (Fig. 5), we
hypothesized that plus-end-directed transport of capsids was
involved. If dystonin is required for plus-end-directed trans-
port, depleting it might be expected to have no effect on capsids
moving toward the centrosome but would prevent them from
moving away from it, leading to an accumulation of capsids in
the vicinity of the centrosome with a concomitant decrease in
the number of capsids reaching the nucleus.

To test whether this was the case, shControl or shDyst HFFF2
cells were infected with 25 PFU/cell of WT HSV-1 for 3 h at 37°C
in the presence of cycloheximide, an inhibitor of de novo protein

FIG 2 Onset of viral protein production in dystonin-depleted and control cells assessed by Western blotting and immunofluorescence analysis. (A) shControl
or shDyst HFFF2 cells were infected with 5 PFU/cell of WT HSV-1. Cells were harvested at 2 h, 4 h, 7 h, 12 h, or 16 h after infection, and the levels of the immediate
early protein ICP0 and of the late capsid protein VP5 were monitored using antibodies 11060 and DM165, respectively. Alpha-tubulin was detected using MAb
DM1A and was used as a loading control. Protein quantities were normalized to the amount of alpha-tubulin, and the relative levels of ICP0 and VP5 in shDyst
and shLuc cells were calculated. (B) ShControl or shDyst HFFF2 cells were infected with 1 PFU/cell of WT HSV-1. At 3 h after infection, the cells were fixed and
stained for ICP0 (green) or capsids (red) using antibodies 11060 and PTNC, respectively. The numbers indicate the percentages of cells that were ICP0 positive
out of 69 shControl cells and 80 shDyst cells counted.
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synthesis commonly used in studies of HSV capsid accumulation
at the nucleus (1, 2, 28–31). Addition of cycloheximide increases
capsid retention at the nucleus and prevents confusion between
input capsids and newly formed nuclear capsids.

Numerous capsids were seen in the area of the nucleus in
shControl cells and frequently formed a distinct ring around
the nuclear periphery (Fig. 6A). In contrast, capsids never
formed rings around the nuclei of shDyst cells, and overall,
there were fewer capsids associated with the nuclei. Visual
comparison gave the impression that capsids were present at a
higher density in the vicinity of the centrosome in shDyst cells
(Fig. 6A). To quantify these observations, we compared the
number of capsids present over the nuclear area and at the
nuclear rim (as estimated by DAPI staining) to the number of
capsids present within an area of 9 �m2 centered on the cen-
trosome (minus any overlapping nuclear area). The number of
capsids counted in each region was divided by its area to mea-
sure capsid density (number of capsids per �m2). This showed
that in shControl cells (n � 19 cells), 0.22 capsid/�m2 was
present in nuclear areas and 0.07 capsid/�m2 was present in
centrosomal areas (Fig. 6B). These proportions were inverted
in shDyst cells (n � 11 cells), where capsid density was lower in
nuclear areas (0.09 capsid/�m2) than in centrosomal areas
(0.24 capsid/�m2). These results show that reducing the levels
of dystonin limits the ability of capsids to reach the nucleus and
causes them to concentrate in the vicinity of the centrosome.

Effect of dystonin silencing on capsid trafficking in the vicin-
ity of the centrosome. To directly ascertain the effect of
dystonin silencing on plus-end-directed MT transport, capsid
trafficking to and from the centrosome was imaged by live-cell
microscopy of shControl and shDyst HFFF2 cells infected with
50 PFU/cell of vSR27-VP26GFP. Capsid monitoring started
once the centrosome became distinguishable as a result of cap-
sid accumulation in its vicinity (see Movies S3 and S4 in the
supplemental material). As early as 45 min after infection, cap-
sids could be seen accumulating close to the nucleus. Subse-
quent staining of fixed cells for tubulin confirmed that this area
of capsid accumulation was an MTOC, most likely the centro-
some (arrowhead in Fig. 7A). As can be seen in Movies S3 and
S4 in the supplemental material, capsids were clearly moving
both toward and away from the MTOC in shControl cells (see
Movie S3 in the supplemental material). In contrast, although
capsids were also seen moving toward the MTOC in shDyst
cells, very few were seen leaving it (see Movie S4 in the supple-
mental material). To quantify this effect, capsids were classified
as trafficking either toward (marked as red lines in Fig. 7B and
C) or away from (marked as yellow lines) the MTOC. A total of
1,219 moving capsids and their directions were monitored in
shControl cells (n � 32 cells) and shDyst cells (n � 32 cells).
This revealed that in shControl cells, 45% of moving capsids
were traveling away from the MTOC, with 55% moving in the
opposite direction, whereas in shDyst cells, only 21% of capsids
were moving away from the MTOC and 79% were moving

FIG 3 Onset of viral protein production in dystonin-depleted and control cells
assessed by FACS analysis. (A) Mock-infected shControl cells or shControl or
shDyst HFFF2 cells infected with 5 PFU/cell of WT HSV-1 were harvested at 2 h, 4
h, or 6 h after infection, fixed, permeabilized, and incubated with antibody 11060
against ICP0 and GAM488. Cells were then analyzed by flow cytometry. The num-
bers of fluorescing cells and their fluorescence intensities were determined for
mock-infected shControl cells (black line), infected shControl cells (blue line), or
infected shDyst cells (red line). The percentages of the total cell population iden-
tified as positive (i.e., above the background level, as defined by the fluorescence

intensity of the mock-infected shControl cells) are indicated using the same
color coding. (B) Summary of mean fluorescence intensities indicated for
panel A. The number of cells analyzed is given for each condition. Dashed line,
background level defined by the fluorescence intensity of mock-infected
shControl cells.
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toward it. As each capsid that moves to the centrosome would
subsequently be expected to move away from it, the expected
ratio of capsids moving to and from the MTOC would be ap-
proximately 50:50. That 45% of capsids were identified as mov-
ing away from the MTOC in control cells means that this is the
case for 45/55, or 82%, of capsids. This drops to 21/79, or
26.5%, in shDyst cells, which, although not indicative of a com-

plete block, does suggest that a capsid is more likely to become
trapped in the vicinity of the centrosome. Therefore, the ability
of capsids to be redirected from the MTOC to the nucleus is at least
three times less efficient in shDyst cells than in shControl cells.

This supports a role for dystonin in the transport of HSV-1
capsids by plus-end-directed MT transport, which is in accor-
dance with the known functions of pUL37.

FIG 4 Virus penetration in dystonin-depleted and control cells. (A) shControl and shDyst HFFF2 cells were incubated with vSR27-VP26GFP virions for 1 h at
4°C or for 2 h at 37°C. The cells were fixed and labeled for gD with MAb 4846 and GAM568 (red). Capsids were visualized through GFP fluorescence (green).
Nuclei were visualized with DAPI (blue). Bars, 20 �m. (B) The total numbers of capsids present on randomly chosen cells from the experiment whose results are
shown in panel A were counted, and the proportion having envelopes was determined by colocalization between GFP (capsid) and Alexa Fluor 568 (envelope)
signals. Results are shown as the numbers of gD-positive (yellow) and gD-negative (green) capsids expressed as a percentage of the total number of capsids
counted. (C) Average number of cytosolic (gD-negative) capsids per cell at 37°C. A total of 270 (ShControl, 4°C), 1,870 (shControl, 37°C), and 1,836 (shDyst,
37°C) particles were analyzed in 27, 43, and 46 cells, respectively.
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FIG 5 Impact of dystonin reduction on capsid transport during entry. shControl (A, B, and E) or shDyst (C, D, and F) HFFF2 cells were infected with 50 PFU/cell
of vSR27-VP26GFP. Starting at 45 min after infection, cytoplasmic capsid movements were monitored by live-cell imaging at a rate of one frame per second.
Results for each individual capsid tracked are plotted as the distance to the origin (A and C) or as the velocity (E and F) for each frame. The premature truncation
of some lines is due to the capsids moving out of the field of view. A representative cell with all capsid trajectories plotted is shown for each condition (B and D).
Dashed boxes, the area displayed in the corresponding movies (see Movies S1 and S2 in the supplemental material, respectively). Bars, 10 �m. (G) Summary of
the maximum distances to the origin taken from the data shown in panels A and C as percentages of cells in categories of the distance to the origin. (H) Every
moving capsid was tracked individually, and its directionality was estimated according to the position of the nucleus. Results are shown as the percentage of
capsids having overall retrograde (away from the cell periphery and toward the nucleus) or anterograde (away from the nucleus and toward the cell periphery)
motion. Both or none, either a capsid having opposite directionalities within the same run, a capsid that was not moving, or a capsid where the direction of
movement relative to the nucleus could not be categorized.
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DISCUSSION

In an earlier paper, we reported that the tegument protein pUL37 of
HSV-1 can bind the cellular protein dystonin and that capsids colo-
calized with endogenous dystonin in infected cells in a UL37-depen-
dent manner (22). Dystonin had previously been suggested to act as a
linker between MT motor proteins and their cargoes during retro-
grade transport (32, 33), to be involved in anterograde transport (34),
and to localize to the plus ends of MTs (22, 35). When dystonin
expression was inhibited, we observed a dramatic decrease in capsid
movement at late times of infection and interpreted this as indicating
a role for dystonin in capsid transport during egress. In view of these
observations, it was rather surprising that depletion of dystonin did
not appear to have a dramatic effect on overall capsid transport dur-
ing entry, while it strongly delayed the onset of virus expression at

high multiplicities of infection (MOIs; 1, 3, or 5 PFU/cell) but not at
the very high MOI of 50 PFU/cell (data not shown). However, closer
analysis revealed that although transport of capsids to the MTOC was
not strongly affected, redirection of capsids from the MTOC to the
nucleus was significantly impaired. To make this observation, cells
were infected with 50 PFU/cell to have a sufficient number of capsids
to track. Under these conditions, the delay in the onset of infection
was very moderate (data not shown), which can be explained by the
remaining number of capsids that leave from the MTOC in the ab-
sence of dystonin (Fig. 7). Since the onset of infection was strongly
delayed at an MOI of 1, 3, or 5, it is possible that the ratio of capsids
arriving at the MTOC that are redirected to the nucleus is actually
much lower under these conditions than that observed in our live-cell
experiments.

FIG 6 Effect of dystonin silencing on capsid localization during entry. ShControl or shDyst HFFF2 cells were infected with 25 PFU/cell of WT HSV-1 for 3 h at
37°C in the presence of 100 �g/ml cycloheximide before being fixed. (A) Capsids were visualized with the rabbit anticapsid antibody PTNC and GAR568 (red),
and centrosomes were visualized with MAb GTU-88 against gamma-tubulin and GAM488 (green). Nuclei were visualized with DAPI (blue). z-stacks of the
whole-cell thickness were collected and are shown here in projection. Arrowheads, centrosomes; white circles, an area of 9 �m2 centered on the centrosome
excluding any overlapping nuclear area. The density of capsids (in number of capsids per �m2 of surface [c/�m2]; see below) in each circle is specified. (B)
Nuclear capsids (defined as capsids present within the DAPI-labeled area) and centrosomal capsids (defined as capsids present within the area delineated by the
white circles) were counted. A total of 2,102 capsids were counted in 19 shControl cells and 1,083 capsids were counted in 11 shDyst cells. The nuclear and
centrosomal surface areas were calculated using Zeiss Axiovision software, and the number of capsids per �m2 of surface (capsid density) was calculated. Asterisks
indicate statistical differences (t test; *, P � 0.01; **, P � 0.001).

Role of Dystonin in Herpesvirus Entry

October 2013 Volume 87 Number 20 jvi.asm.org 11015

http://jvi.asm.org


The typical perinuclear location of the centrosome ensures that
during entry, most of the movement will be between the plasma
membrane and the centrosome. This transport involves minus-
end-directed motors (13), and although capsid movement was
slower in the absence of dystonin, it was not prevented (Fig. 5).
However, the shorter distance between the centrosome and the
nucleus is expected to be crossed by plus-end-directed transport,
and this was strongly impaired in dystonin-depleted cells. Based
on these observations, we postulate that the pUL37-dystonin in-
teraction has a specific role in plus-end-directed transport of in-
coming capsids. Interestingly, although pUL37 is important for
efficient nuclear targeting of incoming PrV capsids (20), it is not
essential for nuclear binding of HSV-1 capsids and viral DNA
release (17). A role in plus-end-directed transport is in accordance
with the reported role of its binding partner dystonin in antero-
grade transport of cellular vesicles (34) and its localization to the
plus ends of MTs (22, 35) and provides the first evidence that
transport directionality can be conferred on the capsid by recruit-
ment of cellular nonmotor proteins.

It is not clear whether the directional specificity seen during
entry would account for the observed behavior during egress. The
proximity of the centrosome to the nucleus might seem to imply
that outward transport would be predominantly plus ended, given

the relatively greater distance between the centrosome and the
sites of envelopment. However, there is increasing evidence that
functional centrosomes are no longer present in HSV-infected
cells by the time that newly formed capsids are entering the cyto-
plasm (36–38). Capsid transport must therefore be along MTs
originating from noncentrosomal sites. The polarity of these MTs
is not known, and it remains unclear whether outgoing capsids are
directed to the sites of envelopment by plus- or minus-end-di-
rected transport.

Herpesvirus intracellular transport is a complex process
that is likely to involve different viral and cellular proteins,
depending on the cell type and the stage of the viral cycle. This
is of particular relevance in differentiated neurons, a highly
asymmetric cell type, where the distances traveled are typically
much longer than those in other cells. The state of the capsid
during transport from the neuronal cell body to the tip of the
axon is still a matter of debate. Two models have been pro-
posed, with one suggesting that capsids are transported to the
axon tips for envelopment and the other suggesting that cap-
sids are enveloped in the cell body and mature virions are trans-
ported to the axon tips (39). Recent studies have shown that the
viral membrane protein pUs9 interacts with kinesin 3 to trans-
port enveloped virions from the cell body to the axonal termi-

FIG 7 Capsid trafficking in the vicinity of the centrosome. shControl or shDyst HFFF2 cells were infected with 50 PFU/cell of vSR27-VP26GFP at 37°C. (A)
shControl cells were fixed at 3 h postinfection and stained for microtubules with an antibody directed against alpha-tubulin and GAM568 (red). Capsids were
visualized through direct GFP fluorescence (green). White arrowhead, MTOC. Bar, 20 �m. (B, C) shControl or shDyst cells were infected for 45 min at 37°C, and
capsid trafficking was monitored by time-lapse microscopy at room temperature (see Movies S3 and S4 in the supplemental material, respectively). Capsid
movement was visualized through a maximum-intensity projection of the whole time-lapse stack and interpreted as moving to (red) or from (yellow) the
centrosome. (D) A total of 1,219 capsids from 114 different movies were tracked in shControl (n � 32) and shDyst (n � 32) HFFF2 cells. Their motion relative
to the centrosome was determined and plotted as a percentage of the total number of capsids tracked.
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nus (5). As for the alternative mechanism, it would be interest-
ing to determine whether the pUL37-dystonin interaction
plays any role in transport of unenveloped capsids to the axon
tips. The diverse requirements of transporting virus capsids
around cells makes it clear that many of the factors involved in
the complex intracellular trafficking of herpesviruses, together
with the mechanisms associated with them, are still to be un-
raveled.

Interaction studies have failed to identify a direct interaction
between pUL37 and molecular motors (22, 40), as has been done
for pUL36 (13) and pUs9 (5). Since pUL36 appears to play a cen-
tral role in capsid transport along microtubules (16) and given the
apparent involvement of the pUL37-dystonin interaction in con-
trolling transport polarity, it seems plausible that pUL37 may act
as a regulatory protein modulating the outcome of the interaction
between pUL36 and the motor proteins.
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